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Abstract.3
Numerical modeling of scour around offshore structures is still a challeng-4
ing research topic for engineers and scientists due to the complex flow-structure-5
seabed interactions. In comparison to single-phase models, a multiphase ap-6
proach has advantages in interpreting the flow-particle interaction, particle-7
particle interaction and flow-structure interaction. In the present study, an8
Euler-Lagrange multiphase approach is adopted to develop a new scour model9
in order to simulate the air-water-sediment three-phase interplay simulta-10
neously while being computationally efficient. The model is able to repre-11
sent free-surface flow over a mobile bed, which is often critical for realistic12
scour modeling. Based on the open source CFD software package OpenFOAM R©,13
the model solves the Navier-Stokes equations on an Eulerian computational14
gird. The sediment particles are traced using the multiphase particle-in-cell15
(MP-PIC) method in a Lagrangian approach. The flow and sediment par-16
ticles are fully coupled, and particle-particle interaction is also resolved in17
the model. The model is calibrated using several tests, including a falling par-18
ticle and steady flow passing isolated blocks, to identify optimal parameters19
for model operation. Application of the model against laboratory experiments20
on scour development beneath a horizontal pipeline shows that the tunnel21
erosion stage is captured well by the model and the resolved flow structures22
have a dominant role in determining the shape of the eroded bed.23
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1. Introduction
Scour is used to distinguish the process caused by the presence of a structure from the24
more general term ”erosion” [Sumer and Fredsøe, 2002]. It has long been recognized as25
a severe engineering safety hazard to the structures constructed in the fluvial and marine26
environment. In particular, large scale offshore wind farms (OWF) are being widely built27
at an unprecedented speed for the generation of renewable energies in the recent decades.28
Monopiles are the most widely adopted foundation type for OWFs nowadays. These large29
diameter monopiles are subject to scour in the offshore area [Prendergast et al., 2015]. The30
scour depth can be as large as 1.38 times the monopile diameter [Whitehouse et al., 2011].31
At some sites where scour protections are installed, the edge scour or secondary scour32
around the protection can cause even deeper scour than the unprotected ones [Whitehouse33
et al., 2011]. Therefore, it is still a challenging and urgent task to better understand the34
scour process and develop better prediction tools to minimize the risks associated with35
scour around the offshore structures like OWF foundations.36
Numerical modeling of local scour around offshore structures has started with single-37
phase models. Works based on the potential flow theory were carried out at the early stage38
[Mao, 1986; Li and Cheng , 1999, 2000]. However, with the many assumptions and ad-hoc39
parameterizations, these models often fail to produce the whole picture of the sediment40
transport and scour process; only certain aspects of the problem, such as scour depth at41
the upstream side, can be predicted reasonably. Compared to single-phase models, the42
multiphase approach is gaining in popularity lately due to its capability to better inter-43
pret the flow-sediment and sediment-sediment interactions. According to the treatment44
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for each phase (fluid phase and solid phase), one of the following methods are usually45
employed: Euler-Euler methods, Euler-Lagrange methods and Lagrangian methods. In46
Euler-Euler models, both the fluid phase and the solid phase are regarded as continuum,47
and the governing equations of both phases can be solved relatively straightforwardly on48
an Eulerian grid. However, the fluid-particle interactions cannot be resolved naturally due49
to the continuum assumption of the solid phase, thus, they must be addressed explicitly50
with parameterizations. Moreover, Eulerian models are typically based on cell-averaged51
quantities, therefore, they often struggle to model complex deformation and interface52
fragmentation. Zhao and Fernando [2007] simulated the scour around pipelines using an53
Euler-Euler coupled two-phase model embedded in the FLUENT software, excluding the54
free surface effect. The inadequacy of parameterizations concerning the particle-flow inter-55
action was found to be a major problem in their model, and it caused unrealistic particle56
pile-up around the pipeline. Moreover, the flow adjustment to the updated bed profile57
happened on a time scale which a fluid parcel took to travel the whole computational58
domain. This time delay made it extremely difficult for scour simulation. Besides, an59
initially sinusoidal bed profile had to be introduced as a disturbance to the initial evolve-60
ment of the bed. Yeganeh-Bakhtiary et al. [2011] developed a Euler-Euler two-phase61
model to simulate the tunnel erosion beneath a marine pipeline. In their model, the two-62
dimensional Reynolds-Averaged-Navier-Stokes (RANS) equations were solved, therefore63
three-dimensional features both in the hydrodynamics and scour process cannot be fully64
resolved. The coupling between the solid phase and the fluid phase was achieved through65
the drag force and lift force. However, the fluid phase and bed sediment motion was66
simulated separately, causing potential time delay and therefore inaccuracy in the phase67
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interactions. The depth of scour hole at the downstream half of the pipeline was over-68
predicted, and discrepancies were also observed in the bed elevation further downstream69
of the pipeline. Moreover, in such two-phase models, the free surface effect cannot be re-70
solved, which limits the application of such models to scour induced by flow with limited71
free surface effects. Such inadequacies were also reflected in other Euler-Euler two-phase72
models [Zhu et al., 2013].73
In contrast, in Lagrangian models, such as the Smoothed Particle Hydrodynamics74
method (SPH) and the Moving Particle Semi-implicit method (MPS), the inherent75
discrete-particle property of sediment is well represented. However, as the most well-76
known drawback, Lagrangian models are particularly demanding on computational re-77
sources. Besides, the incorrect pressure approximation caused by a spurious pressure78
fluctuation is a common problem associated with the sharp fluid interfaces in such mod-79
els. Therefore, either extra numerical treatment must be introduced or artificial damping80
factors like filtering or averaging techniques have to be involved for approximation. More-81
over, in Lagrangian models, as the computational domain is discretized into particles, the82
representation of structures and the associated boundary condition issues are also very83
challenging. Zanganeh et al. [2012] developed a Lagrangian coupling two-phase model to84
study the current-induced scour. In addition to the aforementioned difficulties, in their85
model, the fluid phase was solved without fluid-solid phase interaction first, then it was86
solved again after evaluating the interphase term, and this process continued until it con-87
verged. In addition to the extra computational costs arising from such iterations, the88
convergence scheme also needs careful examination.89
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Drawing on the advantages of these two types of models, Euler-Lagrange type models90
provide an attractive alternative. In such models, the fluid phase is treated as continuum91
on an Eulerian grid, and the solid phase is treated as discrete particles. Therefore, the92
inherent properties of each phase are well represented, and the interaction between the93
phases can be resolved straightforwardly. It is also computationally efficient compared94
to Lagrangian models. Euler-Lagrange models have been applied to sediment transport95
and scour studies recently, and they have been seen as a powerful tool to resolve the96
physics and reveal the mechanics involved in those processes. Yeganeh-Bakhtiary et al.97
[2013] employed an Euler-Lagrange two-phase model to simulate the live bed scour be-98
neath a marine pipeline. The Reynolds-Averaged Navier-Stokes equations was solved99
for the fluid phase, and the distinct element method (DEM) was employed for the solid100
phase. It demonstrated the model’s capacity to deal with live bed scour situations, how-101
ever the scour depth was under-predicted, and discrepancies were observed in the shape102
of the scour hole beneath the pipeline. Andrews and O’Rourke [1996] developed the mul-103
tiphase particle-in-cell (MP-PIC) method for dense particulate flows, drawing upon the104
advantages of Eulerian continuum models and Lagrangian discrete models. It has been105
successfully applied to combustion, sedimentations, bubbling bed dynamics and many106
other particulate flows [Andrews and O’Rourke, 1996; Snider et al., 1998; Karimipour107
and Pugsley , 2012; Solnordal et al., 2015], which demonstrated its capacity to deal with108
particulate flows ranging from dilute to dense, and its advantage to reveal the physics109
involved in those processes. However, to the best knowledge of the authors at the time of110
writing, this approach has not yet been applied to scour studies. A number of challenges111
involved in this method hindered such applications, for example, how to incorporate the112
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free surface effect with the particle based approach, and how to deal with the sediment113
dynamics in a packed bed where the concentration is very close to fully packed conditions.114
With the motivation to tackle these challenges and reveal the physics involved in scouring115
process in the marine environment for better scour prediction, a new three-dimensional116
(3D) Euler-Lagrange scour model based on the MP-PIC method is therefore developed.117
In this paper, the theories involved in this new scour model will be presented in Section118
2. Then the model is calibrated through particle falling tests, and isolated block tests.119
The impact of steady current on the scour development beneath a horizontal pipeline120
are investigated in detail. These results are presented in Section 3. The discussions and121
conclusions are presented in Section 4.122
2. The Numerical Model
The scour model proposed here is based on the open source CFD software package123
OpenFOAM R©[Rusche, 2002]. It is designed as a full three-phase model for free-surface124
flow over a mobile bed. The fluid phase comprises the water and air phase, and the solid125
phase refers to the sediment particles. The Volume of Fluid (VOF) method is employed to126
represent the fluid mixture and resolve the water-air interface. The modified Navier-Stokes127
equations are solved for the water-air mixture in the Eulerian regime based on an existing128
solver in OpenFOAM R©. The motion of solid phase is described using the multiphase129
particle-in-cell (MP-PIC) method in a Lagrangian approach following Newton’s Law of130
Motion. It is usually called two-way coupling when particle-fluid interaction is realized,131
and four-way coupling when particle-particle interaction is also implemented. In this132
model, the fluid phase and solid phase are fully coupled through the interphase momentum133
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transfer term. The particle-particle interaction is also represented in the particle module,134
therefore, the four-way coupling is achieved.135
As there are a large number of particles involved in scour process, it is essential to136
introduce the concept of parcel, which is assumed to be a group of particles with the same137
properties such as size, velocity and etc. In this hybrid Eulerian-Lagrangian technique,138
parcels are the actual computational units in the Lagrangian framework such as to reduce139
the computational expense.140
In this section, the governing equations for hydrodynamic module are presented first141
in Section 2.1. The details of the particle module are given in Section 2.2, as well as142
its coupling with the hydrodynamic module. The boundary and initial conditions are143
described in Section 2.3. The solution procedures are presented in Section 2.4.144
2.1. Hydrodynamic Module
2.1.1. Governing Equation145
The fluid phase, i.e., the mixture of water and air, is resolved by the incompressible146
Navier-Stokes equations, which are modified under the guidance of the two-fluid method-147
ology following the work by Rusche [2002]. The VOF method [Hirt and Nichols , 1981] is148
employed to resolve the free surface. The governing equations are written as,149
∇ ·U = 0, (1)
∂ρU
∂t
+ ∇ · (ρUU)−∇ · (µ∇U)− (∇U) · ∇µ = −∇pd − g · x∇ρ+ σκ∇α + Simt. (2)
where U is the flow velocity vector; ρ is the density; µ is the dynamic viscosity; pd150
is the dynamic pressure, where the total pressure p = pd + ρg · x, therefore, the hydro-151
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static component balances out the gravity force; g is the gravitational acceleration; x is152
the position vector; Simt is the interphase momentum transfer term, accounting for the153
influence of the solid phase on the fluid phase, which will be discussed later in Section154
2.2; and σκ is the mean curvature of the free surface given by,155
σκ = −σ · ∇ ·
( ∇α
|∇α|
)
, (3)
where σ is the surface tension coefficient given as a constant. α is the newly introduced156
phase volume fraction by the VOF method. It represents the volume fraction occupied by157
water within a cell. Therefore, by definition, the volume fraction occupied by air in a cell158
is (1−α). With the aid of α, the properties of the fluid phase can be expressed clearly, for159
example, the flow density, velocity and viscosity can be expressed in an ensemble form,160
ρ = αρw + (1− α)ρa, (4)
U = αUw + (1− α)Ua, (5)
µ = αρwνw + (1− α)ρaνa, (6)
where the subscripts w and a represent the properties of water and air, respectively; and161
ν is the kinetic viscosity. It can be easily seen that in the cells full of water, the ensemble162
density is purely the density of water as α = 1; and in the air, the ensemble density is163
purely that of air. Apparently, the ensemble velocity and viscosity follow the same rule. In164
these areas, the governing equations for the two-fluid methodology are purely the original165
Navier-Stokes equations.166
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The introduction of volume fraction α spontaneously requires an additional equation167
for α itself. The transport equation for α is given by,168
∂α
∂t
+∇ · (Uα) +∇ · [Urα(1− α)] = 0, (7)
where Ur is the relative velocity, Ur = Uw−Ua. The last term on the l.h.s. of Eq. 7 is169
an additional convective term, which is introduced for the purpose of achieving a higher170
interface resolution without using additional special convection schemes [Jasak , 1996]. It171
is noteworthy that this term is applicable only within the interface region, of which the172
thickness is theoretically infinitesimal. With the definition of α itself, this term vanishes173
in cells where there is purely water or purely air.174
The Finite Volume Method (FVM) is employed to discretize the Eulerian solution do-175
main into control volumes (CV) (see Figure 1), which are also called cells. xi,j,k is the176
position vector of the cell center, Vi,j,k is the cell volume, and S is the face area vector,177
normal to the face and pointing outward of the cell. These control volumes are arbitrarily178
unstructured; therefore it is convenient to resolve complex geometry and achieve local179
grid refinement. More details can be found in Jasak [1996].180
2.1.2. Turbulence Model181
The standard turbulence models available in OpenFOAM R© includes Reynolds-182
Averaged models such as k− ε model and k− ω model, and large eddy simulation (LES)183
such as the k−equation sub-grid-scale models [A., 1993]. The transport equation for184
sub-grid-scale kinetic energy ksgs can be written as,185
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∂ksgs
∂t
+
∂(ujksgs)
∂xj
=
∂
∂xj
[(ν + νsgs)
∂ksgs
∂xj
]− Cε
k3/2sgs
∆
+ 2νsgsSijSij, (8)
where the sub-grid-scale eddy viscosity νsgs = Ckk
1/2
sgs∆, ∆ is the cell length scale, and186
Sij is the strain tensor rate, and Cε and Ck are constant.187
2.2. Particle Module
In the hydrodynamic module, all the dependent variables of the fluid phase are associ-188
ated with and solved on the Eulerian grid. In the particle module, the sediment particles189
are treated individually as discrete particles, and is solved using Newton’s Law of Motion190
in a Lagrangian framework. The multiphase particle-in-cell (MP-PIC) method is adopted191
to advance the particles, which as its name suggests, particles are dealt with on a sub-grid192
scale. Figure 2 shows a sketch of particles within a control volume, where pi and pi+1193
denotes the particles, and xpi and xpi+1 are the corresponding position vectors. In this194
work, the particle motion caused by the hydrodynamic drag force, the pressure gradient195
force, net buoyant force and the inter-particle stress are all taken into consideration. To196
access the flow velocity and other related parameters such as to compute the particle197
motion, the computed hydrodynamic variables are interpolated from the Eulerian grid to198
the discrete particle positions.199
In the multiphase particle-in-cell method, a particle distribution function φ(xp,Up, ρp, Vp, t)200
is introduced to describe the particle concentration on the basis of the Eulerian grid. The201
particle distribution function follows the Liouville equation[Snider , 2001]:202
∂φ
∂t
+∇x · (φUp) +∇Up · (φA) = 0, (9)
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where the subscript p represents the particles, Vp is the particle volume, and A is the203
particle acceleration, A = dUp
dt
.204
Following Newton’s Law of Motion, the governing equation for the solid phase read,205
dUp
dt
= Dp(Uf −Up)− ∇p
ρp
+ (1− ρf
ρp
)g− 1
θsρp
∇τ, (10)
where the subscript p represents the particles, the subscript f represents the fluid phase,206
Dp is a parameter related to drag coefficient Cd, and θs is the solid volume fraction, which207
will be introduced later on. Terms on the r.h.s. account for the particle acceleration208
due to the hydrodynamic drag force, the pressure gradient force, the net buoyant force209
(gravity minus buoyant force), and the inter-particle stress gradient, respectively. As210
the solid phase is treated as discrete particles, no discretization scheme is needed in the211
Lagrangian framework.212
Once the particle velocity is computed, the particle position can then be updated by213
dxp
dt
= Up. (11)
As the sediment particles are evolved on a sub-grid scale using the multiphase particle-214
in-cell (MP-PIC) method, the particles’ information within a cell will get integrated and215
stored as Eulerian variables, via whom the fluid phase can get the feedback from the solid216
phase. The solid volume fraction θs is an essential variable for this purpose. It accounts217
for the volume fraction occupied by the solid particles within a cell. The solid volume218
fraction in a cell is219
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θs =
∫ ∫ ∫
φVpdVpdρpdUp. (12)
By definition, θs should be no greater than 1. However, in the case of sandy particles,220
the porosity determines that the maximum volume concentration for fully packed bed is221
approximately 65%. Therefore, a critical solid volume fraction θcs should be employed,222
and it is usually assigned around 0.6− 0.65.223
2.2.1. Drag Model224
The drag force model by Andrews and O’Rourke [1996] is selected in this work. The225
parameter Dp, the drag coefficient Cd, and particle Reynolds number Rep in the hydro-226
dynamic drag term read,227
Dp = Cd
3
8
ρf
ρp
|Uf −Up|
rp
, (13)
Cd =
24
Rep
(θ−2.65f +
1
6
Re2/3p θ
−1.78
f ), (14)
Rep =
2ρf |Uf −Up|rp
µf
, (15)
where rp is the radius of the particle, θf is the fluid phase volume fraction, i.e., θf =228
1− θs.229
2.2.2. Inter-particle Stress230
When the solid volume fraction exceeds 5%, frequent particle collisions will take place231
[Patankar and Joseph, 2001]. When the particles are traced in the Lagrangian framework,232
it is straightforward to compute the particle collision effect on a particle-to-particle basis233
using Lagrangian collision models. However, with the huge number of particles involved,234
it will obviously consume a significant amount of computational resource to model the235
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particle-particle collision, which means a large amount of CPU time is required, and236
the Euler-Lagrange model will lose its computational efficiency. Instead, the effect of237
an isotropic particle collisional pressure based on the Eulerian grid is usually adopted238
to represent particle collisions and prevent the solid volume fraction from exceeding its239
critical value. Such continuum models have been proven to be suitable and efficient in240
Eulerian-Lagrangian models [Patankar and Joseph, 2001; Snider , 2001].241
A continuum particle stress model by [Snider , 2001] is employed here to take into242
account the particle collision effect. In this model, the assumption of an isotropic inter-243
particle stress is made, where the off-diagonal elements of the stress tensor are omitted.244
The particle normal stress is modeled by a continuum calculation of the particle pressure245
based on the Eulerian grid, which will then be interpolated back to the discrete particle’s246
positions to calculate the normal stress due to motion and inelastic collision of particles.247
The model is given by,248
τ =
Psθ
β
s
max[θcs − θs, ε(1− θs)] , (16)
where Ps is a constant with the unit of pressure, and the recommended value of the249
constant β is 2 ≤ β ≤ 5. A small number ε of the order 10−7 is introduced to remove the250
spikes at close pack. Obviously, this model depends only on the solid volume fraction, and251
the particle size and velocity are excluded. However, this simple model has been applied252
to several dense particulate flow circumstances [Snider , 2001; Patankar and Joseph, 2001],253
and has been proven to be efficient.254
A particle might be moving towards a fully packed cell, and the inter-particle stress255
model helps to suppress this particle motion and prevent the solid volume fraction from256
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exceeding the critical value. Practice however shows that the inter-particle friction is257
often significant and the inter-particle stress alone is not sufficient enough to completely258
prevent the cells from being fully packed, which will cause both numerical instability259
and physical unreality. This is due to the fact that the inter-particle stress model is260
simply an approximation to partly account for the particle collision effect, the rest of261
the particle collision effect and the particle friction are not represented. Out of technical262
considerations, when a particle is moving towards a fully packed region, in principle,263
it is forbidden. However, if the destination cell has a neighbor cell which is able to264
accommodate a new particle, this particle can be moved there. This is in line with the265
fact that when a particle enters a fully packed cell, another particle in the same cell can266
be repelled into a less packed region due to collision. In this way, it compensates for the267
friction effect and the part of collisional effect which is not reflected in the inter-particle268
stress model of [Snider , 2001].269
2.2.3. Particle Tracking Method270
In hybrid Eulerian-Lagrangian models, it is essential to know where the discrete La-271
grangian particles are on the Eulerian grid, so that the Lagrangian particles can be in-272
fluenced by the fluid phase correctly via the dependent variables on the Eulerian grid,273
and meantime the Lagrangian source terms can be imposed to the correct Eulerian cells.274
Therefore, for each and every particle, we must know the cell which possesses this particle.275
The most straightforward way to achieve that is to search the whole Eulerian grid with276
the particle position. However, even regardless of the number of cells in the computational277
domain, the number of particles alone makes it extremely expensive to do the searching278
at every time step.279
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A more mature and efficient way to track the particles was proposed and revised by280
Nordin [2000] and Macpherson and Weller [2009]. This tracking method is adopted in281
this work. The cell occupancy information of all the particles is initialized only once at the282
beginning of simulations, and will be stored in following time steps unless being changed.283
For example, when a particle moves from its initial position a to the final position b at284
the end of this Eulerian time step dt, as depicted in Figure 3, its trajectory will intersects285
with Face 2 by p first and then the face shared by Cell B and Cell C by p’.286
Rather than moving the particle directly to the final position b, the trajectory will be287
split into three parts: ap, ap’, and p’b. Consequently, the Eulerian time step will be288
split into three Lagrangian sub-time-steps, corresponding to each section of the trajectory.289
Considering the particle moving from a to p, which is right on the face, the following290
equations are satisfied:291
p = a + λa(b− a), (17)
(p − Cf ) · S = 0, (18)
where Cf is the face center, S is the face normal vector, and λa is a fraction parameter292
introduced to split the whole trajectory into sections. Combining these two equations, λa293
can be derived by294
λa =
(Cf − a) · S
(b− a) · S . (19)
With a visualized figure we can see which faces the particle will cross, however, during295
computation, the model needs a criteria to determine which faces are to be crossed and296
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how the Lagrangian sub-time-steps are set. Taking a two-dimensional grid shown in Figure297
3 as an example, a λa value for each face from Face 1 to Face 4 can be calculated using298
Eq. 19. If a face is to be crossed by the particle, the λa value of this face should be299
the lowest in the the range 0 ≤ λa ≤ 1, among all the faces of the original Cell A. In300
Figure 3, Face 2 meets this criteria, so it will be crossed. Therefore, the particle will be301
moved to position p with the consumption of sub-time-step λadt. As Face 2 is shared by302
Cell A and Cell B, the cell occupancy of this particle will be transferred to Cell B at this303
point. It saves the effort to search for the whole grid by utilising the face connectivity304
information. In the next sub-time-step, the same calculation procedure will be applied305
to determine which face of Cell B will be crossed so that it can move to position b. In306
this example, the particle will be moved from p to p’ and the cell occupancy will be307
transferred to Cell C. Again, we calculate the λa value of each face in Cell C, however,308
none of these values comply with the aforementioned criteria; they are either greater than309
1 or less than 0, which means the final destination lies in the same cell and no face will310
be crossed. Therefore, the particle will be advanced to the final position b using the311
remaining sub-time-step.312
This method works well in the situations discussed above. However, when it comes313
to three-dimensional unstructured grid, with non-planar cell faces, especially in concave314
cells, it is not robust enough. For example, a face plane can be hit while the particle still315
remains in the same concave cell. When the face is hit, the cell occupancy is transferred316
to its neighbour cell sharing this face already, but the particle is still in the original cell317
physically. Thus in the next sub-time-step, the particle will get lost. To overcome this318
deficiency, Macpherson and Weller [2009] modified the method by introducing another319
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fraction parameter λc. It is calculated simply by replacing position a with the cell centre320
Cc,321
λc =
(Cf −Cc) · S
(b−Cc) · S . (20)
λc of each face is calculated first. If λc < 0 or λc > 1 applies to all the faces, the final322
destination b is within the same cell, so the particle will be advanced to b directly, and323
the cell occupancy remain unchanged. If 0 ≤ λc ≤ 1, which means the particle will hit a324
face before reaching the final destination, λa of each face will then be calculated and the325
face to be hit will be determined using the aforementioned criteria. The particle will be326
moved to an intermediate position p using Eq. 17, and cell occupancy will be changed.327
These procedures will be repeated until the final destination b is reached. This modified328
tracking algorithm is employed in this work. More details can be found in Macpherson329
and Weller [2009].330
2.2.4. Interphase Momentum Transfer331
In scour process, particles roll, slide or saltate along the bed, get entrained in the flow332
and evolve with flow by gaining kinetic energy from the flow. In return, particles act as333
a momentum sink to the fluid phase. This effect is usually reflected by the interphase334
momentum transfer in multiphase flow.335
Particles are influenced by the flow through the drag force and pressure gradient force,336
spontaneously particles gain the certain amount of momentum from the fluid phase and337
meantime the fluid phase lose the same amount. Following the work of Snider [2001] and338
Patankar and Joseph [2001], the momentum transfer from the solid phase acting on each339
cell, Simt, is summed as,340
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Simt = −
Np∑
i=1
[
Dp(Uf −Up)− 1
ρp
∇p
]
. (21)
2.2.5. Mixture Viscosity341
In addition to the momentum transfer, the viscosity of the fluid phase is also influenced342
by the presence of particles. Past studies show that in dilute suspensions, concentration343
and viscosity are linearly related [Einstein, 1906; Penko et al., 2009], and as the concen-344
tration approaches the maximum packing status, the viscosity becomes infinite [Eilers ,345
1941; Penko et al., 2009].346
Considering the Eulerian-Lagrangian framework, the Eilers equation [Eilers , 1941;347
Penko et al., 2009] is employed to modify the fluid phase bulk viscosity, which reads,348
µ′ = µ[1 +
0.5µ0θs
1− θs/θcs ]
2, (22)
where µ0 is the intrinsic viscosity, which accounts for the shape of particles. For spherical349
particles, µ0 = 2.5 is recommended, and for irregularly shaped particles, the determination350
of µ0 stays uncertain [Einstein, 1906; Penko et al., 2009].351
Apparently, the bulk viscosity is a function of the particle shape, the local sediment352
volume fraction and critical solid volume fraction. In general, the modified bulk viscosity353
µ′ is no less than the original fluid viscosity µ. In a cell comprising water and air only, the354
solid volume fraction θs is zero, thus the bulk viscosity µ
′ converts back into the original355
viscosity of the pure fluid µ. When a cell is approaching the maximum packing status,356
for example, θs = 0.64 and θcs = 0.65, the modified viscosity is approximately 2800 times357
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the original viscosity, in line with rules discovered by the past studies [Eilers , 1941; Penko358
et al., 2009].359
2.3. Boundary and Initial Conditions
The two typical numerical boundary conditions, namely, the Dirichlet boundary con-360
dition and the von Neumann boundary condition, are built in the hydrodynamic module361
[Jasak , 1996]. Dirichlet boundary condition prescribes the value of dependent variables on362
the boundary directly, and the von Neumann boundary condition prescribes the gradient363
of the variables normal to the boundary. In the former case, a fixed value φB can be364
specified on the boundary and therefore, the values on the cell faces along this boundary365
are all assigned as φf = φB. In the latter case, the face gradient ∇φ is specified, and the366
boundary face value can be computed by367
S · ∇φ = |S|φf − φP
dn
, (23)
where φf and φP are the value of the variable on the boundary face and at the cell368
centre of this boundary cell, respectively, and dn is the distance from the cell centre to369
the face, which is also normal to the face area.370
The boundary conditions in the hydrodynamic module are also applicable to the solid-371
phase-related Eulerian variables such as solid volume fraction θs. For the Lagrangian372
variables such as particle position and particle velocity, as they are determined by New-373
ton’s Law of Motion, once the initial values are assigned, those values will be updated374
accordingly. When a particle reaches the downstream boundary, it will no longer remain375
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in the solution domain. If periodic boundary condition is assigned, particles will enter376
from the corresponding boundary again into the computational domain.377
2.3.1. Initial Conditions378
The initial conditions in the hydrodynamic module can be specified easily in the input379
files for each Eulerian variable according to test configurations. In the particle module, as380
parcels are the actual computational unit, the input files required here are the diameter,381
velocity and position of the parcels, therefore, the governing equation of the particles can382
be solved accordingly.383
2.4. Solution Procedures
For the particle module, as it is already on a discrete particle-to-particle basis, the384
calculation is straightforward. The fluid properties on the Eulerian grid will be linearly385
interpolated to the particle position prior to advancing the particles.386
The pressure-velocity coupling of the Navier-Stokes equations requires special treat-387
ments. The PIMPLE algorithm is employed for this purpose. It is a merged algorithm of388
PISO (Pressure Implicit with Splitting of Operators) [Issa, 1986] for transient flows and389
SIMPLE (semi-implicit method for pressure-linked equations) for steady flow [Patankar ,390
1981]. In these algorithms, the equations are all solved in a segregated approach. More391
details can be found in Jasak [1996].392
The solution procedures are summarized here:393
1. Set up the initial fields.394
2. Solve the transport equation of volume fraction α.395
3. Correct water and air phase properties.396
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4. Solve the momentum equation.397
5. Enter pressure correction loop and solve the Poisson Equation until the desirable398
residual tolerance is reached. The conservative fluxes are also obtained at each step.399
6. Solve and correct the turbulence model if applicable.400
7. Advance the particles using Eq. 10 and Eq.11.401
3. Results and Discussions
Prior to realistic applications, the model needs to be calibrated. In the model calibra-402
tion, firstly, the particle-motion-related implementations are calibrated through particle403
falling tests. The computed particle fall velocity is compared to its theoretical value.404
Secondly, the physical influence of particles on the fluid phase achieved by the model was405
examined by isolated block tests. Then, the model is applied to a benchmark scour test406
by Mao [1986].407
3.1. Model Calibration
3.1.1. Particle Falling Tests408
Particle falling tests are carried out to examine the numerical implementation concern-409
ing particle motion. Cases with various particle median diameter d50 are simulated. The410
computed particle fall velocity is compared to its theoretical value. In addition, cases411
with various grid spacing ratio to parcel diameter are tested to get a desirable range of412
this size ratio.413
Two single-parcel-falling-in-still-water tests are carried out respectively to examine the414
model’s behavior at low solid volume fraction. The only difference between these two415
tests is the number of particles per parcel (see Table 1), consequently, the particle d50416
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varies. The test domain in both tests is 0.05 m long, 1 m high, and 0.005 m wide. The417
grid spacing is 0.005 m uniformly in each direction, therefore, the transverse direction z418
is one cell wide. The water depth is 0.8 m. A parcel of the diameter 2.5 mm is released419
from rest at 0.7 m high.420
To verify the model in terms of particle motion, the modeled particle velocity is com-421
pared with the theoretical value. Following the approach of van Rijn [1993], the theoretical422
fall velocity is determined from the balance of forces on a particle (Eq. 24) with the as-423
sumption that the flow velocity is zero. The terms on the l.h.s. of Eq. 24 represent the424
gravitational force, the buoyant force and the drag force on the particle, respectively.425
pi
6
d3ρpg − pi
6
d3ρg − 1
2
Cdρw
2
s(
pi
4
d2) = 0. (24)
Here, d is the particle diameter, ρp is the density of the particle, ρ is the density of426
water, and ws is the particle fall velocity in a still fluid. The drag coefficient Cd in the427
model is expressed by Eq. 14, which is a function of the particle Reynolds Number (see428
Eq. 15). As the water is assumed to be still, Uf = 0 is satisfied in Eq. 15, and Up thus429
equals to ws. A non-linear equation of ws can be derived by substituting Eq.14 and Eq.15430
into Eq.24, which reads,431
C1ws + C2w
1.667
s − C3 = 0 (25)
where C1, C2 and C3 are constant:432
C1 = θ
−2.65
f (26)
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C2 = 0.1667(
ρd
µ
)0.667θ−1.78f (27)
C3 =
(ρp − ρ)gd2
18µ
(28)
By solving this non-linear equation, the theoretical fall velocity of PFV −1 and PFV −2433
are 0.3114 ms−1and 0.0293 ms−1, respectively. To satisfy the assumption that the flow is434
stationary during the simulation, the influence of particles on the fluid phase was turned435
off in the model, therefore the fluid phase remains undisturbed.436
Good agreement between the modeling results and the theoretical fall velocity is shown437
in Figure 4. The modeled particle fall velocity and the theoretical value in PFV-1 are 0.32438
ms−1 and 0.3114 ms−1, respectively. Those in PFV-2 are 0.029 ms−1 and 0.0293 ms−1,439
respectively. The modeled discrepancy is 2.69% in PFV − 1, and 1.02% in PFV − 2.440
Considering numerical accuracy limited by truncated errors and etc., this high agreement441
between the modeled value and theoretical value is remarkable. It confirms that the442
numerical implementation in the model concerning particle motion is reliable. Figure443
4 also illustrates that the initial acceleration stage differs betweent these two tests. In444
PFV − 1, the particle velocity has reached its terminal velocity since around 0.18 s,445
whereas in PFV −2, the terminal velocity is obtained almost instantly after release. This446
demonstrates the fact that the fall velocity of fine particles is much smaller and can be447
reached quickly than that of the coarse ones. Through these two tests, the particle motion448
related implementation especially the drag force is calibrated successfully.449
3.1.2. Isolated Block Tests450
The physical influence of particles on the fluid phase achieved by the model, in partic-451
ular, the interphase momentum transfer term, is examined by the isolated block tests in452
this section. These tests involve large number of particles in nearly fully packed condi-453
D R A F T July 20, 2015, 12:41am D R A F T
LI ET AL.: A NEW EULER LAGRANGE SCOUR MODEL X - 25
tions. To make it simple and straightforward, an isolated block of particles is placed in454
the flow. Tests with the isolated block located in the middle of the flow (Test MDL), and455
on the bottom wall (Test BTM) are performed respectively. To minimize other effects,456
the bulk viscosity remains unmodified and the particles are fixed to see the reaction of457
the flow field to the presence of particles. Therefore, the performance of the interphase458
momentum transfer term can be clearly reflected.459
The mesh resolution in these tests is 2.5 mm, and the transverse direction z is one cell460
wide. Slip boundary conditions are applied to the xy−planes. A steady current boundary461
condition is imposed on the inlet boundary. The mean flow velocity is 0.35 ms−1. The462
diameter of the parcel is 0.72 mm, and particle d50 is 0.36 mm. The maximum solid463
volume fraction in the block is 0.58.464
The modeled flow fields and velocity profiles at selected sections are shown in Figure 5.465
We can see that the physical effects of the interphase momentum transfer term are well466
represented. As shown in Figure 5-a), the flow decelerates at the upstream circumference467
of the block and flows around the block. As the block of particles is a porous medium,468
very small seepage flows are observed inside the block as expected. While flowing around469
the block, the flow accelerates again and a recirculation zone is formed at the lee-wake470
side. As seen in Figure 5-b, the flow velocity at the upstream edge of the block is almost471
zero, and the flow deceleration around the block, and the acceleration further above and472
below are clearly captured. The flow reversal and the vortices in the lee-wake side are473
also resolved.474
To testify the performance of the interphase momentum transfer term at boundaries, the475
block of particles is placed on the bottom boundary (Test BTM). The flow deceleration476
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at the upstream of the block, the re-acceleration above the block, and the recirculation in477
the wake side are all captured well as shown in Figure 5-c and 5-d.478
3.2. Model Application
The model is applied to the current-induced live-bed scour around a pipeline, a bench-479
mark laboratory test carried out by Mao [1986]. The water depth is 0.35 m and pipeline480
diameter D = 0.1 m. In this selected live-bed scour case, the Shields number θ = 0.098481
and the mean flow velocity is 0.5 ms−1.482
3.2.1. Flow Field and Bed Profile483
The computational domain is 1.6 m long, 0.5 m deep and one cell wide. The mesh484
resolution is 5 mm. The k−equation large eddy simulation (LES) (see Eq. 8) is adopted485
to resolve the turbulence structures. The modeled water velocity field at t = 1.5 min is486
shown in Figure 6, where the bed is colored in red. By large, the flow field 1D above the487
bed at the upstream side remains undisturbed. Apart from this region, the flow field is488
influenced by the presence of the pipeline and sediment particles remarkably. When the489
flow approaches the pipeline, the flow acceleration around the pipeline is well captured.490
In the downstream side, the recirculation zone right behind the pipeline and two small491
cavities between the flow acceleration zone and the recirculation zone are all captured492
clearly. The lee-wake vortices are formed behind the recirculation zone. The flow field493
right above the bed is also resolved vigorously. At the upstream side, small vortices come494
into being and develop along the streamwise direction. Flow velocity right above the bed495
is very minor because the particles act as a momentum sink. In conjunction with the496
shear stress in the flow field further above the bed, those vortices are formed. At t = 1.5497
min, the scour hole beneath the pipeline has already formed a well-shaped passway for the498
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flow. Therefore, the flow acceleration between the bed and the pipeline develops without499
much obstacles. The acceleration jet propagates to around 2D behind the pipeline and500
encounter the flow from above the pipeline. Consequently, the lee-wake vortices take place501
and propagate further to the downstream side. Between the lee-wake vortices and the bed,502
the flow is hindered by the bed, especially the mount shaped at x = 1.8D. Also we can503
see that the free surface is no longer level at the initial water depth. Due to the flow504
acceleration and lee-wake vortices caused by the the pipeline, the water level decreases505
from x = −1D and fluctuates in the downstream side. By resolving the free surface, the506
internal flow field can adjust more realistically and timely to the bed profile evolvement.507
The modeled bed profile at t = 1.5 min is compared to the measurements [Liang et al.,508
2005] in Figure 7. The shape of the scour hole, the maximum scour depth, and the509
maximum deposition point in the downstream side are all in good agreement with the510
measurement, which is the major task of scour prediction. However, some discrepancies511
are observed around x = −1D and in the downstream side. In the modeled result, the512
bed is scoured slightly deeper between x = −0.6D and x = −0.8. That can be caused513
by the over-predicted vortex at this location. The over-predicted bed elevation in the514
downstream side can be associated with the weak flow there, which is not sufficient to515
wash the sediment particles further downstream. However, the overall performance of the516
model to resolve the local scour is satisfactory.517
3.2.2. Sub-grid-scale Turbulence Structures518
The couture of the sub-grid-scale kinetic energy and sub-grid-scale eddy viscosity cap-519
tured by the model are shown in Figure 8. Obviously, the sub-grid-scale kinetic energy is520
more intense on the two sides of the pipeline as shown in Figure 8-a. The high value region521
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below the pipeline is even larger than that above the pipeline. Along the bed surface at522
the upstream side, higher values of sub-grid-scale kinetic energy than the majority water523
body are observed, and the high value region extends to the downstream side of the scour524
hole. In Figure 8-b, the high value region of sub-grid-scale eddy viscosity overlaps with525
the bed surface area, around the pipeline circumference, and also the recirculation zone526
behind the pipeline and the location of lee-wake vortices. These regions are also where527
particle motions are very active as will be shown in Figure 9. Therefore, the authors528
reckon that the implications of particle motion with respect to the sub-grid-scale kinetic529
energy and eddy viscosity, and even their interactions are an exciting topic to investigate.530
The high sub-grid-scale kinetic energy and sub-grid-scale eddy viscosity in those regions531
can be the drive to facilitate particle motion especially particle entrainment. However,532
the main flow in those regions is usually strong compared to other areas, which is also533
important to particle motion. One cannot say that the active particle motions there are534
mainly due to the sub-grid-scale turbulence structures. Nevertheless, the particles are also535
at a sub-grid-scale. The interactions between the particles and sub-grid-scale turbulence536
structures can more straightforward and vigorous.537
3.2.3. Particle Evolvement538
One of the advantages of this model is to trace the discrete particles in a natural way.539
Consequently, the sand transport can be resolved naturally, and the particle distribution540
and evolvement can be investigated easily. Figure 9 shows the particle distribution at541
selected time. The particles are colored in red, and the flow velocity vectors at every 50542
points on the Eulerian grid are also plotted. In Figure 9-a, we can see at t = 4 s, particles543
at the bed surface in the upstream side are dragged by the flow and starts rolling and544
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sliding along the bed. The bed between x = −0.8D and x = −0.2D starts to be scoured545
and a very mild curve forms beneath the pipeline. Compared to the upstream side, the546
particle motions in the downstream side is more vigorous mainly due to the complex flow547
structure developed there. We can see at this very beginning of scour development, a548
large amount of particles have been entrained into the flow, and the bed surface in the549
downstream side has started to deform. At t = 12 s, the scour hole extends upstream to550
x = −1.6D, and the gap right beneath the pipeline is enlarged as shown in Figure 9-b. As551
a consequence, particles are piled up near x = 0.8D. As time goes on, the scour hole at552
the upstream side continues developing, the gap between the pipeline and the bed keeps553
enlarging, and the maximum scour location evolves downstream towards right beneath the554
pipeline (see Figure 9-c, Figure 9-d, Figure 9-e and Figure 9-f). In addition, it is shown555
that the scour development at the beginning is largely dominated by scattering events.556
As time goes on, such phenomenon weakens, and instead the scour hole gradually takes557
shape. It demonstrates the ability of the model to clearly reproduce the tunnel erosion558
stage by tracing the particles in the Lagrangian framework, and even the onset of scour559
can be reflected as well without using an initial artificial bed profile to facilitate scour560
development as seen in other models [Liang et al., 2005; Zanganeh et al., 2012].561
3.2.4. Modified Viscosity562
As introduced in the preceding paragraphs, the bulk viscosity is modified to account for563
the influence of particles on the fluid phase. Employing Eilers Equation (Eq. 22) [Eilers ,564
1941; Penko et al., 2009], the modified viscosity largely depends on the distribution of565
solid volume fraction. In Figure 10-a, the distribution of the solid volume fraction is566
depicted. From the bed surface to the bottom, the solid volume fraction increases towards567
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fully packed condition. The isolines are parallel to the bed surface profile by large as568
expected. As seen in Figure 10-b, the distribution of the modified viscosity follows the569
distribution pattern of the solid volume fraction. The increase in the modified viscosity570
is more dramatic where the solid volume fraction exceeds 0.55, compared to the bed571
surface regions where the solid volume fraction is between 0.35 to 0.55. Therefore, the572
modified viscosity mainly serves to stabilize the bed, and it has little influence in the main573
water body above the bed, where the solid volume fraction is very small due to the dilute574
suspension.575
3.2.5. Influence of Hydrodynamics on Bed Profile576
Five follow-up tests are set up as shown in Table 2 to investigate the influence of the577
modified viscosity and turbulence models on the bed profile. The results shown above578
are from Test 6 with modified fluid viscosity and using LES. In comparison, Test 5 also579
uses LES but the fluid viscosity remains unmodified. In Test 3 and 4, the standard k−ω580
turbulence model is employed, either with or without modified viscosity. No turbulence581
model is adopted in Test 1 and 2.582
The modeled bed profile and flow field in each test are shown in Figure 11 and Figure583
12, respectively. In these two figures, results of Test 1 to Test 6 are shown in the sub-figure584
a to f in sequence. The fluid viscosity is not modified in the tests on the left column, in585
contrary to the modified viscosity in those on the right column. No turbulence model586
is used in the two tests on the top panel. On the middle panel, the k − ω turbulence587
model is employed; and on the bottom panel, LES is adopted. In Figure 11, we can see588
that the shape of the scour hole and the maximum scour depth in each test are all in589
good agreement with the measurements, which is the major purpose of scour prediction.590
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However, the deposition mount at the upstream and downstream side of the pipeline are591
predicted differently by different turbulence models. At the upstream side, using LES,592
Test 5 and Test 6 produce the bed profile with the best agreement with the measurements.593
Test 1 and Test 2 over-predicted slightly around x = −2D. The bed profile produced by594
k − ω model in Test 3 and Test 4 are worse than the results in tests either with LES595
or without turbulence model. With the k − ω model, the maximum amount of over-596
prediction in bed elevation is near x = −2D. In the downstream side, the bed elevation597
is over-predicted between x = 2D and x = 5D. Results in Test 1 and Test 6 reach the598
best agreement with the measurement, while the results produced by k−ω model without599
modified viscosity in Test 3 see the biggest deviation from measurements. With respect600
to the effect of the modified viscosity, we can see that in each panel, tests with modified601
viscosity produce smoother bed profile at both the upstream and downstream side of the602
pipeline, which are closer to the measurements. Especially at the downstream side, the603
over-predicted bed elevation is reduced by adopting the modified viscosity. Therefore, the604
modified viscosity plays an important role in the interaction between the solid phase and605
the fluid phase, and consequently, it influences the formation of bed profile.606
In Figure 12, the flow velocity vectors are plotted at every 50 points on the Eulerian607
grid. The flow pattern in Figure 12-a and Figure 12-b resemble each other, where the608
only difference between these two tests is whether the fluid viscosity is modified or not.609
Only the flow velocity very close to the bed surface is slightly different to each other.610
This finding also applies to the middle and bottom panels (see Figure 12-c, Figure 12-d,611
Figure 12-e and Figure 12-f). This is because the modified viscosity only influences the612
bed region, especially the regions of high solid volume fraction, and has little effect in the613
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main flow body as shown in Figure 10. However, the flow pattern produced with different614
turbulence models are different to each other. The detailed flow vector field plotted at615
every point on the Eulerian grid in Test 2, Test 4 and Test 6 are shown in Figure 13, in616
which no turbulence model, the standard k − ω turbulence model and LES is employed617
respectively. The acceleration jet beneath the pipeline in the scour hole, and the flow618
acceleration above the pipeline are all captured in these three tests. This serves as a619
prerequisite to the well captured scour hole in these tests. However, at the upstream620
side, only LES resolves the detailed vortices right above the bed surface (see Figure 13-621
c), while without turbulence modeling, only a small vortex is formed at x = −2D (see622
Figure 13-b); and k − ω model generates a much bigger vortex in front of the upstream623
mount (see Figure 13-c), which explains the over-predicted bed elevation observed in Test624
2 and Test 4. At the downstream side, without turbulence modeling, the recirculation625
zone behind the pipeline is bigger, and the dissipation of the vortex is much weaker than626
that modeled with LES. In test 4 with the k− ω model, the flow field at the downstream627
side is much distorted, and the weak flow region above the bed starting from x = 2D628
and extending downstream is larger than that in the other two tests. Test 6 with LES629
resolves the fine details of the flow structure, and consequently, the predicted bed profile630
is in better agreement with the measurement.631
4. Conclusions
In this paper, an Euler-Lagrange multiphase approach is employed to develop a new632
model for local scour and sand transport. The model is able to simulate a mobile bed633
with the free surface effect. The fluid phase is resolved on an Eulerian grid by solving the634
modified Navier-Stokes equations with a two-fluid methodology incorporating the Volume635
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of Fluid method for the free surface. The momentum transfer from the solid phase to636
the fluid phase is considered in the momentum equation. Particles’ influence on the fluid637
viscosity is also reflected. The multiphase particle-in-cell method is adopted to solve the638
solid phase in a Lagrangian framework following Newton’s Law of Motion. Therefore,639
the discrete-particle nature of the solid phase is very well represented. The movement of640
individual particles can be physically tracked at each time step, which reveals detailed641
sand transport and scour processes which continuum models struggle to achieve. The642
hydrodynamic drag force, pressure gradient force, net buoyancy force and inter-particle643
stress are all taken into account. Therefore, in this Euler-Lagrange scour model, the644
flow-particle coupling and particle-particle interactions are fully resolved, thus four-way645
coupling is achieved.646
The model is calibrated via particle falling tests and isolated block tests. Then the647
model is applied to a benchmark scour case: current-induced live-bed scour around a648
pipeline. One of the advantages of this model is to resolve the sand transport in a natural649
way, therefore, the particle distribution and evolvement can be analyzed easily. The650
modeling results show that the scour development at the beginning is largely dominated651
by scattering events. The model is able to resolve the tunnel erosion stage well even with652
an initially flat bed. The effect of the modified viscosity mainly stabilizes the bed, and653
has little effect elsewhere.654
LES and k−ω turbulence models are employed respectively to investigate the influence655
of hydrodynamics on the bed profile. The resolved flow field and bed profile are analyzed in656
details. It is found that LES can resolve the detailed vortex structures in the upstream side657
of the pipeline and the organized lee-wake vortices better than k−ω model. Consequently658
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the bed profile reproduced with LES is in better agreement with the measurements. It is659
also found that the particle distribution overlaps with high value regions of sub-grid-scale660
kinetic energy and sub-grid-scale eddy viscosity. The implication of the particle motion661
with respect to the sub-grid-scale turbulence properties is supposed to play a part in sand662
transport and scour process.663
In short, an Euler-Lagrange multiphase approach is capable of resolving the sand trans-664
port and scour process in a natural way. The scour prediction is satisfactory and the665
mechanics involved in these processes is reflected.666
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Figure 1. Control volume.
Figure 2. Sketch of particles within a control volume.
Table 1. Particle properties in Test PFV-1 and PFV-2
Test number Number of particles per parcel Particle d50
PFV-1 1 2.5 mm
PFV-2 1000 0.25 mm
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Figure 3. Sketch of a particle moving from original position a to final position b. After
Macpherson and Weller [2009]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
0.1
0.2
0.3
0.4
0.5
Pa
rti
cl
e 
Ve
lo
ci
ty
 (m
s−1
)
a) PFV−1
 
 
Model
Theory
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
0.01
0.02
0.03
0.04
0.05
Time (s)
Pa
rti
cl
e 
Ve
lo
ci
ty
 (m
s−1
)
b) PFV−2
 
 
Model
Theory
Figure 4. Modeled particle fall velocities in comparison with the theoretical values.
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Figure 5. Velocity vector field (left column) and velocity vector profiles at selected sections
(right column) in Tests MDL (top panel), BTM (middle panel), and CRN (bottom panel). Red
Line: the boundary of the block.
Figure 6. Modeled flow velocity field at t = 1.5 min.
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Figure 7. Modeled bed profile at t = 1.5 min in comparison with the measurements (black
dots).
Figure 8. Contour of sub-grid-scale kinetic energy (a) and sub-grid-scale eddy viscosity (b) at
t = 1.5 min.
Table 2. Tests set-up for the pipeline scour case.
Test number Modified fluid viscosity k − ω turbulence model LES modeling
1 ◦ ◦ ◦
2
√ ◦ ◦
3 ◦ √ ◦
4
√ √ ◦
5 ◦ ◦ √
6
√ ◦ √
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Figure 9. Particle distribution at selected time. a) t = 4 s, b) t = 12 s, c) t = 24 s, d) t = 37
s, e) t = 41 s, f) t = 45 s.
Figure 10. Contour of solid volume fraction (a) and modified viscosity (b) at t = 1.5 min.
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Figure 11. Modeled bed profile at t = 1.5 min in comparison with the measurements (black
dots). From a) to f) are Test 1 to Test 6 in sequence.
Figure 12. Modeled flow velocity field at t = 1.5 min. From a) to f) are Test 1 to Test 6 in
sequence.
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Figure 13. Detailed flow velocity field at t = 1.5 min in Test 2 (a), Test 4 (b), and Test 6 (c).
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